Abstract: Using pulsed-field gel electrophoresis (PFGE), nine profile types were identified in XbaI digests of a panel of strains of Salmonella enteritidis phage type 4 (PT 4) isolated in England and Wales between 1967 and 1992. When applied to 39 isolates from humans, chickens, poultry products and feed, strains belonging to pulsed-field profile (PFP) 1 predominated. DNA-DNA hybridization studies demonstrated that a band of approximately 57 kb was associated with the presence of the 38 MDa S. enteritidis 'serovar-specific' plasmid. It is concluded that PFGE provides a method for discriminating strains of S. enteritidis PT 4 suitable for epidemiological investigations.
Introduction
Salmonella enteritidis remains the most common serotype isolated from humans in England and Wales, and in 1993 over 19000 human isolates of this serotype were received by the Laboratory of Enteric Pathogens (LEP). This represents a 19-fold increase over the thirteen year period [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] . Of these, strains belonging to phage type 4 (PT 4) predominated and in 1993 comprised 85% of S. enteritidis from humans [1] .
To assist epidemiological investigations, methods of differentiation within PT 4 are urgently required.
Previous studies of the distribution of salmonella-specific insertion sequence IS200 elements in the chromosome of a panel of strains of S. enteritidis PT 4 have demonstrated the clonality of this phage type [2] , which extends to strains isolated before the current epidemic [3] . It is therefore unlikely that methods of differentiation based on the distribution of conserved gene sequences in the genome would provide sufficient discrimination for epidemiological studies. In contrast, plasmid profile typing, which is based on the numbers and molecular masses of extra-chro- 194 mosomal elements in different strains, has demonstrated the existence of 25 plasmid profile types in 1022 strains of S. enteritidis PT 4 isolated from humans, poultry (chickens) and eggs in England and Wales in the 5-year period 1988-1992 [4] . However, strains belonging to a single profile type characterized by the sole presence of the S. enteritidis serovar-specific plasmid (SSP) of 38 MDa (= 57 kb) and designated SE 38 have predominated, comprising over 90% of human and 70% of poultry isolates [4] .
Pulsed-field gel electrophoresis (PFGE) provides a method of producing molecular fingerprints based on the analysis of the whole genome. This method has been applied to a variety of bacterial pathogens, including those belonging to Campylobacter [5] , Legionella [6] , Listeria [7] , Salmonella [8] and Escherichia coli [9] . The purpose of this study was to investigate the potential of PFGE for subdividing S. enteritidis PT 4.
Materials and Methods

Bacterial strains
For this study, a selection of 39 strains from humans, chickens, poultry products (liquid egg and egg shells) and feed isolated in England and Wales between 1967 and 1992 was chosen. Strains had originally been phage-typed as S. enteritidis PT 4 in accordance with the S. enteritidis phage typing scheme [10] and included E2187, the type strain of S. enteritidis PT4 [11, 12] and P132344, isolated in the laboratory from a chicken heart and from which was derived the plasmid-free strain P132344/1 [12] .
Plasmid DNA extraction and probe preparation
Partially purified plasmid DNA was extracted by the method of Kado and Liu [13] and plasmid profile types were assigned in accordance with the recently-extended S. enteritidis PT 4 plasmid typing scheme of Threlfall et al. [4] . For DNA hybridization analysis, plasmid DNA from S. enteritidis strain P132344 [12] was purified using Gene-Clean (Stratech Scientific) and labelled with digoxygenin-ll-dUTP in accordance with the instructions of the manufacturer (Boehringer Mannheim).
Pulsed-field gel electrophoresis
Organisms were incubated overnight at 37°C on nutrient agar and suspended in 0.85% saline to give bacterial densities of 26-29 McFarland units. This suspension was mixed in equal parts with molten 2% agarose (Sigma Type VII LGT) and pipetted into moulds. The agarose-embedded organisms were then digested with 1% Nlauroylsarcosine and 50 tzg m1-1 proteinase K (Sigma) at 56°C for 48 h. After inactivation of the proteinase K with 1.5 mM phenylmethylsulphonylfluoride (PMSF), chromosomal DNA was digested with XbaI (recognition sequence: TC-TAGA) and PFGE performed using the CHEF 1% blocking reagent (Boehringer Mannheim), 0.1% lauroylsarcosine and 0.02% SDS. Detection was by standard protocols (Boehringer Mannheim).
Results
Identification of pulsed-field profile types
Nine distinct pulsed field chromosomal restriction profiles were observed among the 39 isolates of S. enteritidis PT 4 studied. Strains representing different pulsed field profiles (PFPs) are shown in Table 1 . The predominant profile, designated PFP1 (Fig. 1, track 2 ) gave 14 resolvable chromosomal fragments after digestion with XbaI. This profile was shared by 30 of the 39 strains examined, including the S. enteritidis PT 4 type strain E2187 (Fig. 1, track 2) .
Among the 9 PFPs identified, the number of resolved chromosomal fragments varied between 11 and 15. Six fragments, sized at 330, 315, 185, 125, 45 and 10 kb were common to all strains. All 'wild-type' strains shared a fragment of approximately 645 kb, which was not present in the laboratory-derived strain P132344/1. The sizing of fragments observed in XbaI digests allowed estimation of the molecular size of the bacterial chromosome. These estimates ranged from 4191 kb (P301266) to 4601 kb (P125588).
There was no apparent correlation between chromosomal PFPs and plasmid carriage and of the 9 PFPs identified, 6 occurred in strains indistinguishable by plasmid content. 
Variable bands
Some minor variations were observed between different preparations of the same strains. This was noted in strain P104871, in which an extra band of approximately 30 kb was observed in one of 4 preparations. Similar variation was also noted with strain P125588, in which one of 4 preparations had lost a fragment of approx. 90 kb (as in strain P132344, Fig. 1, track 7 ) but had gained a fragment of approx. 25 kb. The other seven PFPs all remained constant between preparations.
Identification of plasmid-associated fragments
Isolates were analysed for the presence of plasmid DNA by the method of Kado and Liu [13] and with the exception of strains P208932 (isolated from egg shells) and P132344/1 (the laboratory derived strain) all contained a plasmid of approximately 57 kb. Strains P301266 and P125588 also carried plasmids of 4.5 and 3.0 kb, and 4.5 kb respectively. In pulsed field gels a band of 57 kb was observed in all isolates except P208932 and P132344/1 (Fig. 1, tracks 3 and 11) . Confirmation that this 57 kb band was due to carriage of the 57 kb plasmid was achieved by Southern blotting and hybridisation with a digoxygenin-labelled probe derived from the 57 kb S. enteritidis SSP plasmid. No PFGE bands that could be attributed to the smaller plasmids (< 7.5 kb) were observed. PFPs were based on chromosomal restriction profiles irrespective of the presence of plasmid-dependent fragments. Therefore, strains conforming to a given PFP in all but plasmid content were assigned to that PFP, i.e. P208932 (Fig. 1, track 3 ) was assigned to PFP1 with E2187 (Fig. 1, track 2) .
Distribution of PFPs in strains of S. enteritidis PT 4 from humans, chickens, poultry products and feed
The distribution of PFP types between source groups in 39 strains of S. enteritidis PT 4 isolated between 1967 and 1992 is shown in Table 2 . Four PFPs were identified in 19 human isolates, 6 in 17 chicken isolates, 2 in 2 strains from poultry products and one type in the single feed isolate. The majority of strains (77%) from all sources belonged to PFP1 i.e. 84% of human isolates, 71% of chicken isolates, 1/2 isolates from poultry products and the feed isolate. All other profiles were unique within the set except for PFP7, which was identified in single isolates from both human and chicken sources.
Discussion
PFGE provides a method for resolving total genomic DNA by analysis of the relative electrophoretic mobilities of a limited number of restriction enzyme generated fragments. In comparison to Southern blotting techniques supplemented by RFLP analysis, PFGE may provide evidence of minor genetic heterogeneity which cannot be detected readily by such RFLP-based methods as ribotyping and IS200 fingerprinting.
When applied to 39 strains of S. enteritidis PT 4 including E2187, the type strain of this phage type isolated in 1967, nine PFPs were identified. One profile, characterised by 15 fragments (14 chromosomal, 1 plasmid-mediated) ranging from 920 to 24 kb predominated and was identified in 77% of the strains analysed, including E2187. Of the remaining eight PFPs, six were identified in strains from chickens and poultry products of which only one (PFP7) was identified in a human isolate. In contrast two PFPs (PFPs 3 and 6) were identified in human isolates but not in strains of poultry origin.
In accordance with the definition of clonality for PFPs as described by Maslow et al. [16] , strains showing PFP1 can be regarded as clonal. Since this PFP is shown by E2187, the type strain of S. enteritidis PT 4, it can therefore be regarded as the archetypical PFP for this phage type. Polymorphisms identified in subsequent isolates may represent recent evolutionary divergence within the PFP1 lineage, reflecting several classes of genetic rearrangement within the S. enteritidis PT 4 genome. For example, point mutations causing isolated changes in base sequence may create or eliminate restriction enzyme (RE) recognition sites. Such an event would account for the creation of PFP5 from PFP1, where loss of a fragment of 290 kb and gain of two fragments of 204 and 92 kb could be attributed to the generation of a new RE site. Similarly, inversions and transpositions may also induce alteration in the position of RE recognition sites relative to each other. The conversion of PFP1 to PFP8, involving loss of fragments of 920 and 680 kb and gain of fragments of approx. 1200 and 335 kb could have resulted from relocation of a single RE site approximately 280 kb along a fragment of approx. 1600 kb. This type of genomic rearrangement could also account for the creation of PFP9 from PFP1. RFLPs can also be caused by duplications and deletions sufficiently large as to affect the migration of a given fragment. Such rearrangement may have occurred in PFPs 3, 6 and 7, where loss of a fragment of between 250 and 300 kb provides a possible explanation of the considerably smaller genome sizes of strains with these three PFPs. Combinations of these genetic events could account for the conversion of PFP1 to PFP3. For example, deletion of an approx. 300 kb fragment followed by loss of a site between the 290 and 250 kb fragments (due to a point mutation) would explain loss of three fragments of 305, 290 and 250 kb from PFP1, and gain of one fragment of 534 kb.
The observation that the PFPs of P132344 and P132344/1 differed in other than the presence of a band associated with carriage of the 57 kb serovar-specific plasmid was of interest. The plasmid-free strain P132344/1 was derived in the laboratory from P132344 following repeated subculture of P132344 in nutrient-deficient media over a period of 4 weeks (E.J. Threlfall, unpublished). The finding that this process resulted not only in loss of the 57 kb plasmid but also in genomic rearrangement as evidenced by PFGE, suggests that similar events could occur naturally in food, animal or human hosts.
The results presented above demonstrate that strains of S. enteritidis PT 4 can be differentiated on the basis of pulsed field profiles after XbaI digestion of genomic DNA. This method provides a means for the genetic characterisation of strains of S. enteritidis PT 4 and may provide a method of strain discrimination suitable for epidemiological investigations.
